Abstract. In this work, we present the detection sensitivity improvement of electrospray ionization (ESI) mass spectrometry of neutral saccharides in a positive ion mode by the addition of various amino acids. Saccharides of a broad molecular weight range were chosen as the model compounds in the present study. Saccharides provide strong noncovalent interactions with amino acids, and the complex formation enhances the signal intensity and simplifies the mass spectra of saccharides. Polysaccharides provide a polymer-like ESI spectrum with a basic subunit difference between multiply charged chains. The protonated spectra of saccharides are not well identified because of different charge state distributions produced by the same molecules. Depending on the solvent used and other ions or molecules present in the solution, noncovalent interactions with saccharides may occur. These interactions are affected by the addition of amino acids. Amino acids with polar side groups show a strong tendency to interact with saccharides. In particular, serine shows a high tendency to interact with saccharides and significantly improves the detection sensitivity of saccharide compounds.
Introduction
T he benefit of electrospray ionization-mass spectrometry (ESI-MS) [1] [2] [3] for the analysis of polymers and proteins results from the formation of multiply charged molecular ions that enables high molecular weight samples to be observed in a low m/z region. With an increase in the biological importance of oligo-or polysaccharides associated with cell-cell recognition, protein targeting, and metabolic diseases, polysaccharide and glycol-conjugate research has been attracting more attention [4, 5] . Although different ionization methods [6] [7] [8] [9] [10] [11] [12] [13] have been developed for the analysis of saccharides, matrix-assisted laser desorption/ionization (MALDI) [8] and ESI [11, [14] [15] [16] [17] [18] are the most used ionization methods. MALDI time-of-flight (TOF) MS has been used for the analysis of saccharides, and the sensitivity has been improved to the low femtomole level by reductive amination of the samples [19] [20] [21] [22] [23] . MALDI techniques allow the observation of high-mass saccharides with no mass limit, but they have some disadvantages, including a lack of reproducibility because of the formation of sweet spots [24] and a lack of control during the crystallization process. The ESI technique also has advantages and disadvantages when obtaining mass spectra of saccharides. ESI usually produces multiple peaks for the same type of molecules, thus increasing the overlap of different ion peaks and making it difficult to analyze complex mixtures. Most analyses of mixtures by ESI-MS techniques require the preseparation of samples using high performance liquid chromatography (HPLC) or capillary electrophoresis (CE).
The mass spectrometric analysis of saccharides is mostly based on derivatization of their reducing end with a high proton affinity group to enhance detection sensitivity [19] [20] [21] [22] [23] and to simplify the mass spectra. A number of derivatization methods have been reported for mono-and oligosaccharides in the literature [25] . In general, the ionization efficiency of saccharides is low. Different techniques are needed to investigate their properties by mass spectrometry. The main goal is to increase the ionization efficiency and to obtain less complicated spectra. Although ESI is frequently used for the analysis of mono-and oligosaccharides, polysaccharides are difficult to analyze because of structure complexity.
All saccharides can be classified as monosaccharides, oligosaccharides, or polysaccharides. Two to 10 monosaccharide units, linked by glycosidic bonds, form an oligosaccharide.
Polysaccharides are much larger, containing hundreds of monosaccharide units. Saccharides comprise one of the largest groups of compounds and have a range of molecular weights from monosaccharides to polysaccharides. The analysis of saccharides is challenging because of the presence of many isomeric compounds, branched structures, and lack of chromophore groups in their structure. The characterization of underivatized saccharides has been studied by several groups using the ESI-MS technique, but the number of methods that have been proposed for the analysis is low [14, 25] . This outcome is because of the low ionization efficiency of saccharides, especially oligosaccharides and polysaccharides. However, most of the derivatization techniques that change the chemical properties of saccharides require tedious extra procedures; reproducible results and complete derivatization are often difficult to achieve. Thus, the detection of underivatized oligosaccharides is important for understanding their structures. Although there are different techniques, such as gel permeation chromatography (GPC), to measure the molecular weights of saccharides, the results are very poor, and the process is tedious. Thus, it is important to develop a method to measure the direct molecular weight of saccharides, especially polysaccharides.
The properties of saccharides are closely related to their molecular mass and their molecular mass distribution. In this work, we develop a method to enhance the signal intensity of neutral saccharides without derivatization by using the interaction between saccharides and amino acids. Amino acids can bind to the sugars at any pH, but binding increases at lower pH values. ESI has not been extensively used for large polysaccharide analysis because of sample complexity. In this work, we report that simple mass spectra of neutral saccharides can be obtained with a significant increase in the S/N ratio when a two order of magnitude higher concentration of amino acids is added to the saccharide solutions.
Experimental
For mono-and oligosaccharides, galactose (MW = 180.0 Da), sucrose (MW = 342.3 Da), and maltoheptaose (MW = 1152.4 Da) were chosen as model compounds. For polysaccharides, various sizes of pullulan, with average molecular weights of 5900 Da (P6K), 9600 Da (P10K), 21,000 Da (P21K), and 47,000 Da (P47K), were used. In all the polysaccharide samples, maltotriose (MW = 486 Da) is the repeating unit that forms linear polysaccharide chains known as α-1,4-α-1,6-glucans. Three glucose units in maltotriose were connected by a α-1,4-glycosidic bond, whereas consecutive maltotriose units were connected by a α-1,6-bond. In this study, 20 amino acids 
Results and Discussion

Optimization of Method Parameters
As an analytical technique, mass spectrometry is gaining more importance for saccharide characterization. Molecular mass determination is the primary goal for unknown sample characterization. This method has become routine for proteins, peptides, and nucleic acids, but it is a challenge for saccharides because of structural variety. The technique developed in this work is a simple method that does not require any derivatization procedure or long sample preparation time. For method development, maltoheptaose was chosen as a model compound to find the type of amino acid that gives the best complexation and produces the highest signal intensity. Figure 1a shows the relative signal intensities of maltoheptaose and amino acid-maltoheptaose complex, respectively, with the same amount of acid addition. The relative signal intensity of the peaks was calculated by dividing the peak heights by the highest signal intensity, which is the serine-bound maltoheptaose peak. The highest S/N ratio peaks were obtained by the addition of serine, aspartic acid, glutamic acid, asparagine, and threonine. , and (c) and (f) are 10 -6 M solutions without and with serine addition, respectively were used to determine the ranking of complex formation with saccharides. All the amino acids, galactose, sucrose, and maltoheptaose were purchased from Sigma-Aldrich Co (Shanghai, China) and used without further purification. The pullulan polysaccharide standards were obtained from Showa Denko Corporation (Tokyo, Japan). Mass spectra were collected with an Esquire 3000 spectrometer (Bruker Daltonics Inc., Billerica, MA, USA) quadrupole ion trap (QIT) mass analyzer. The concentration of samples was prepared depending on their molecular weight. The concentrations of galactose, sucrose, and maltoheptaose were 2 × 10 -5 M. Pullulan concentrations ranged from 2 × 10
M and 2 × 10 -4 M. Amino acid concentrations varied depending on the saccharide molecular weight. Generally, the concentration of amino acids was an order of magnitude higher than the saccharide concentrations. All experiments were performed under the same conditions as follows: flow rate of the sample solution was 150μL/h, nitrogen pressure was 12.0psi, capillary voltage was -4.5kV, and capillary heating temperature was 250°C. The solvent was a 49.5 methanol (MeOH), 49.5 water, and 1% acetic acid solution. The deionized water used for sample preparation was produced by a Milli-Q Gradient A10 (Taipei, Taiwan) water purification system with Q-Gard®2 and QuantumTM EX. Highperformance liquid chromatography grade methanol and acetic acid were purchased from Sigma.
or van der Waals interactions. At low pH values, strong attractive interactions may occur between positively charged amino acids and maltoheptaose. Thus, solvent pH is one of the most important parameters. The required amount of acid was investigated by titrating serine. Figure 1b shows the signal dependence of the percent of acid in solution. A 1% acid solution will provide the highest signal intensity for the maltoheptaose-serine complex. Some amino acids do not produce higher signals. This result is due to the high propensity of amino acids to form a complex.
As previously stated, amino acid-saccharide interactions or complex formation is mainly driven by noncovalent interactions, such as electrostatic, hydrophobic, dipole-dipole or iondipole interactions, and hydrogen bonding. Amino acids have a positive or negative charge based on the pH value of the solution. These positive or negative charges may interact with other charged groups in the molecule or interact with other compounds, such as -COOH-carrying saccharides. In our case, we did not utilize carboxyl-carrying saccharides, only -OHcarrying neutral saccharides, such as some simple saccharides and pullulans were studied. Functional groups of amino acids or saccharides are protonated or deprotonated at different pH values, thus providing different interactions for amino acidsaccharide groups, leading to complex formation between them [26, 27] . Both hydrogen bonding and electrostatic interactions also depend on solution parameters, such as pH, ionic strength, temperature, etc. Although solution parameters are important factors to control the different interactions between amino acid-saccharides, their molecular weight, charge density, and hydrophobicity play important roles in complex formation [27] .
The side chain of an amino acid determines its function and properties. Depending on their side groups, amino acids are classified into different groups, such as aliphatic, aromatic, polar uncharged, acidic, and basic side chain-carrying amino acids. These groups play a major role in amino acid and saccharide interactions. A careful interpretation of Figure 1a reveals the interactions between amino acids and saccharides. Polar uncharged side group-carrying amino acids show the strongest interactions with saccharides, whereas, aliphatic side group-carrying amino acids show the weakest interactions. Serine shows a higher binding affinity to saccharides than other amino acids. We selected serine specifically to develop the signal enhancement method because of its simple structure and lack of serine clusters present under specified conditions and the lack of an ion suppression effect on saccharides. Basic amino acids are also expected to have a strong interaction with saccharides, but attractions among those amino acid molecules are similar or stronger than amino acid-saccharide interactions. These interactions produce different clusters, and the spectra , and the mole ratio of maltoheptaose to serine is 1/15 for each mixture become more complex. The obtained data demonstrate that binding differences can only be due to the side chain of the amino acids. The tighter interaction observed for polar uncharged and acidic side group-carrying amino acids may be the result of both strong hydrogen bond formation and electrostatic interaction between the -OH group and -NH 4 + of serine and the -OH group of saccharides.
The concentration of amino acids also plays an important role in complex formation with maltoheptaose. Figure 1c and d show the required percentage of serine for significant signal enhancement of maltoheptaose and P6K. Figure 1c shows the amino acid titration of maltoheptaose; at a 1/15 mole ratio complex, the ion intensity reaches the highest level. This ratio depends on the molecular weight of saccharides. For small saccharides, we used a 1/15 ratio, but for polysaccharides a higher concentration ratio was required.
Sensitivity Studies
Signal enhancement was investigated by preparing a series of maltoheptaose solutions. Three different concentrations ranging from 10 -8 M to 10 -6 M were prepared, and the mass spectra of these solutions were obtained for each case with and without serine addition. Figure 2a -7 (b and e), and 6-fold for 10 -6 M (c and f) samples. At low concentration, complexation may not be high enough for considerable signal enhancement because of equilibrium problems. As observed in the spectra, one of the main uses of this method is for quantitative studies. The addition of serine does not produce a different number of serine-bound clusters. The saccharide/serine ratio can reach 1000-fold, and only singly bound serine complex was observed in spectra for maltoheptaose without the loss of signal intensity of the complex.
Simple Saccharide Studies
Reinhold et al. [28] proposed that carbohydrates cannot be efficiently protonated or deprotonated because of their weak acidity and basicity. Bahr et al. [17] reported that the problem with carbohydrate analysis is not because of desolvation but because of their hydrophilicity and lack of surface activity. Figure 3a and b show the mass spectra of maltoheptaose complex formation with serine. In Figure 3a , protonated Figure 4 . ESI-MS spectra of galactose and nectarine juice. (a) is the spectrum of galactose without serine and (b) is with serine addition; (c) is the spectrum of nectarine juice without serine. The nectarine sample was obtained from fresh nectarine juice. Ten μL of nectarine juice was diluted in 1 mL of methanol-water solvent and 1% acidity before the spectra were obtained; (d) is the spectrum of the nectarine juice sample with the addition of serine maltoheptaose complex, maltoheptaose-related signals and unidentified clusters can be observed. The addition of serine in solution changes the entire profile of spectra, and most of the maltoheptaose interact with serine and form only one type of cluster. The higher signal intensity in these experiments is due to the high ionization efficiency of amino acids and complex formation between them and the addition of serine in the maltoheptaose solution. All the maltoheptaose molecules, including all the metal ion-bound (Na + , K + ) and protonated molecules are occupied by serine molecules and form serinebound complex ions. The resulting signal is an approximately 6-fold increase in the highest peak of protonated maltoheptaose. The inset in Figure 3b shows the MS/MS spectrum of the singly charged, complexed maltoheptaose (m/z 1258.9). The bond between maltoheptaose and serine is very labile and is easily broken. The subsequent fragmentation of maltoheptaose shows a symmetric pattern with the loss of 162 u. Figure 3c shows a mass spectrum of sucrose in water/ methanol solution. Protonated sucrose when ionized produces a protonated ion at m/z 325 by the loss of one hydroxyl group. With the addition of serine in solution, sucrose molecules bind serine and result in two peaks with m/z at 448 and 790: the monomer and dimer forms of sucrose, respectively (Figure 3d ).
The S/N ratio of protonated sucrose and serine complex increases by nearly an order of magnitude. These two examples show that serine molecules easily bind to native sugars and significantly enhance their mass spectra. The spectra of maltoheptaose after the addition of selected amino acids are also interesting. Some of the amino acids do not show complete complexation, and some show multimer formation in solution (see Supporting Document). These results are the main reasons that we choose serine as a complex-forming reagent. The spectra of same maltoheptaose solutions were taken by using nano ESI source with and without addition of serine. Other than sensitivity, we obtained similar spectra with the same signal enhancement property (data is not shown here). Figure 4a and b show mass spectra of galactose without and with the addition of serine. Initially, the protonated molecular ion in the mass spectrum of galactose without serine addition is not clear and is obscured by the formation of cluster ions. Only the sodiated ion of galactose is observed in the spectrum. With the addition of serine in solution, the galactose molecular ion becomes clear, as shown in Figure 4b . In addition, the complexion of the sucrose in nectarine juice with serine was also studied. Ten μL of fresh nectarine juice were diluted to 1 mL with methanol-water and then acidified Figure 5 . Positive ion ESI-MS spectra of P6K and P10K. (a) is P6K in a water methanol mixture, and 1% acid was added; (b) is the spectrum of P6K after the addition of serine. In the same manner, the spectrum in (c) is for P10K without serine addition, and (d) is the spectrum of P10K after serine addition. X represents the metal ions bonded to polysaccharides. Experimental conditions are: capillary voltage, -4500 V; flow rate, 150 μl/h; gas pressure, 12 psi of nitrogen; and target mass, 1750. The concentrations of P6K and P10K are 2.10 -5 M with the addition of acetic acid before obtaining the ESI-MS spectra. In the first step, only the nectarine juice spectrum was obtained, and then serine-added nectarine juice spectrum was obtained. Figure 4c and d show the nectarine juice only and the serine-added nectarine juice spectra, respectively. Because nectarine juice contains sucrose in a mixture of all types of chemicals, it is not observed in the first spectrum (Figure 4c) . After the addition of serine, the sucrose signal becomes visible without interference from the matrix. This result shows that this method can be used for the analysis of saccharides in heterogeneous mixtures without the need of sample pretreatment.
Pullulan ESI-MS Studies
Native long chain polysaccharides have been structurally analyzed using soft ionization techniques [8, 14, 17, 24, 29] . Mass spectrometric structural analysis of saccharides, especially polysaccharides, is a challenging job. The signal intensity of polysaccharides in ESI-MS spectra depends strongly on the molecular weight. Polysaccharides with a higher molecular weight usually have a lower ionization efficiency. High molecular weight saccharides show limited sensitivity for ESI ionization [17, 28] because of their low proton affinities. Although ESI-MS normally produces multiply charged ions, linear sugars mostly provide singly charged ions. For branched Figure 6 . Positive ion ESI-MS spectra of P21K and P47K in water and methanol mixture (1/1) and 1% acid. Experimental conditions are the same as described in Figure 5 except the target mass was set at 3000. (a) is the P21K mass spectrum without the addition of serine and (b) is with serine addition; (c) is P47K without the addition of serine and (d) is with the addition of serine; (e) is the magnified spectrum of (d). Concentrations of P21K and P47K is 2 × 10 -5 M saccharides, depending on the number of branches, the number of charge states increase. We utilized a broad range of polysaccharides starting from 6 to 47 kDa to test the current method for signal enhancement. Figure 5a shows the ESI-MS spectrum of P6K without the addition of serine. The protonated spectrum of P6K shows noisy series of +4, +3, and +2 charge states and other different unidentified peaks (Figure 5a) Figure 5a , P6K does not produce clear spectra by ESI-MS, and the presence of different charge states makes it difficult to interpret the spectra with a low S/N ratio.
With the addition of serine in the P6K solution, the MS spectrum is simplified, producing one charge state of ions that appear with a higher S/N ratio. Figure 5b shows the complexation of P6K with serine. From the given data, the sensitivity problem of pullulans can be solved by the addition of serine in the solutions. The signal enhancement is approximately 20-fold. Figure 5c shows the mass spectrum of P10K. The spectra show different charge states of P10K in the same spectrum, and it is very difficult to identify all of the peaks. Interestingly, Figure 5c shows the +4 and +6 charge states for P10K; after the addition of serine, only the +4 charge state is seen in the spectrum (Figure 5d ). Similar to the mass spectrum of P6K, the mass spectrum of P10K shows only the serine-adducted charge state, providing a simpler spectrum and higher S/N. The method described above was applied to higher molecular weight polysaccharides. Figure 6 shows the spectra of P21K and P47K in methanol-water solvent without and with the addition of serine in the solution. As expected, the ionization efficiencies of these polysaccharides are very low. As shown in Figure 6a , peak identification is difficult for P21K. Although several peaks are seen in the spectrum, there is no correlation between peaks for charge state identification. After the addition of serine, the P21K mass spectrum exhibits only one charge state (Figure 6b ). The mass difference between identified peaks is 81 Da, and this difference corresponds to a charge state of +6. If we calculate the molecular weight of related polysaccharides, the molecular weight of P21K is approximately 20,500 for the m/z = 3516.5 ion. Figure 6c and d show the mass spectra of P47K with and without serine addition. P47K has a mass of 47 kDa, which is too large for clear mass identification as shown in Figure 6c . After the addition of serine, some peaks become visible (Figure 6d and e) . The mass difference of the identified peaks is 54, which indicates a charge state of +9 for P47K. When the mass of P47K is calculated, it is found to be 39-45 kDa. Although the labeled average mass is approximately 47 kDa, the experimentally calculated mass is approximately 40 kDa.
Because the mass of large polysaccharides is very difficult to determine by other methods, it is difficult to know if our results reflect the correct mass distribution. If the sample truly has a peak of mass distribution at 47 K, it is possible that the ionization of the heavier polysaccharide is incomplete, and only polysaccharides with a molecular weight of 21 kDa and below can be detected currently. Further work is needed to clarify the peak of P47K and verify the correct mass distribution.
Conclusions
A novel method was developed to increase the limited sensitivity of neutral saccharides using the ESI-MS technique. Neutral saccharides with a wide range of molecular mass were utilized for the proof of the developed method. The addition of serine molecules in the saccharide solution increased the ionization efficiency of the saccharides by a factor of 5 to 20 over that of the corresponding native saccharides. The process is very simple and does not require any reaction or premodification of the molecules or solution. Serine addition into the saccharide solution significantly improves the proton affinity of complexes and increases the saccharide signal intensity. The presented approach might allow the detection of saccharides even in mixtures with significant heterogeneity without the need for chromatographic separation prior to MS by selectively enhancing their signal intensity, as shown in the nectarine example. Using the developed method, a broad molecular weight range of neutral saccharides up to~47 kDa was detected. This method can be applied to most neutral saccharides without changing their chemical properties.
